Mechanoreceptors and chemoreceptors have been identified inside the kidney, but their functional role is still largely unclear. The aim of this study was to investigate whether changes in urine output could modify the discharge rate of renal afferent fibers. Experiments were performed in anesthetized cats in which afferent renal nerve activity (ARNA) was recorded by standard electrophysiological techniques from a centrally cut renal nerve. Arterial pressure, renal blood flow velocity, urine flow rate, and renal pelvic pressure were also measured. Three diuretic maneuvers were tested in the same cat: intravenous administration of physiological saline (8 to 13 mL/min for 2 minutes), furosemide (1 mg/kg), and atrial natriuretic peptide (ANP, 1 ,ug/kg). The three maneuvers increased urine flow rate and pelvic pressure, respectively, 137.0±20.6%o and 136.8±21.1% (saline), 148.6±31.7% and 139.6±43.5% (furosemide), and 75.9±7.9%o and 62.1±21.2% (ANP) at the time of the maximum response. Arterial pressure slightly increased after saline, did not change after furosemide, and slightly decreased after ANP. Renal blood flow increased after saline and did not change after furosemide and ANP. The three maneuvers increased ARNA by 98.4±15.2% (saline), 270.7±100.8% (furosemide), and 59.6±23.4% (ANP). Changes in ARNA significantly correlate with changes in both pelvic pressure and urine flow rate. Our data demonstrate that increments in urine flow rate increase the firing rate of renal afferent fibers and suggest that (1) pelvic pressure is the major determinant of the neural response, and (2) this increased afferent discharge is due to activation of renal mechanoreceptors. (Circ Res. 1993;73:906-913.) 
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Changes in afferent renal nerve activity obtained by specific mechanical and chemical stimuli do not necessarily represent changes in afferent nerve discharge occurring in the kidney under normal physiological conditions. In particular, it is not yet known whether changes in the excretory function of the kidney can influence afferent renal nerve activity, thus providing useful functional information to the central nervous system. Therefore, the experiments here reported were performed to verify whether or not afferent renal nerve activity is altered when urinary water excretion is acutely increased by three different diuretic maneuvers, ie, saline loading, the administration of atrial natriuretic peptide, or the administration of furosemide.
Materials and Methods
Experiments were performed in 14 cats of both sexes, weighing 2.4 to 3.4 kg, anesthetized with sodium pentobarbital (40 mg/kg body wt IP). Additional maintenance doses were administered intravenously. Before surgery, cats were fasted overnight, but water was available ad libitum.
Group 1 Experiments
In the first group (six cats), a polyethylene catheter was inserted in a femoral artery to measure arterial pressure (Statham P23De transducer, Statham Medical Institute, Los Angeles, Calif). Both femoral veins were catheterized to infuse physiological saline at a constant rate of 20 mL/h (model 341A syringe pump, Sage, Cambridge, Mass) and to allow the administration of drugs. Cats were intubated with an endotracheal tube and allowed to breathe spontaneously. The body temperature of the cat was maintained at 37°PC. Through a midline laparotomy, two polyethylene catheters were inserted together in the left ureter so that their tips reached the renal pelvis. The first catheter was used to measure urine flow rate (photoelectric drop counters, model PG 602, Keyence Lead Corp, Osaka, Japan); the second one was connected to a pressure transducer (Statham P23De) to measure the renal pelvic pressure. Because the volume of each urine drop did not change appreciably during the experiment, the urine flow rate could be expressed in drops per minute. A Doppler flow probe was placed around the left renal artery to measure changes in renal blood flow velocity (pulsed Doppler flowmeter, model 545C-4, Bioengineering Department, University of Iowa, Iowa City). In all animals, zero-flow velocity was obtained by tightening a snare around the aorta above the renal arteries.
The nerves of the left kidney were identified and cut at some distance from the kidney hilus. The peripheral stump of a small bundle was placed on a bipolar hook electrode, and the afferent renal nerve activity was recorded using standard electrophysiological techniques (HIZ probe model A1P5 and model P511 amplifier, Grass Instrument Co, Quincy, Mass). All nerve bundles studied were paucifibers and showed spontaneous and nonsynchronized discharge. The background electrical noise was assessed at the end of the experiment by crushing the nerve bundle distal to the recording electrode. Neural activity was displayed on an oscilloscope (Tektronix, Beaverton, Ore), while arterial pressure, renal blood flow, urine flow rate, and pelvic pressure were continuously recorded on a polygraph (Hewlett-Packard Co, Mountain View, Calif). In addition, during the diuretic maneuvers, afferent renal nerve activity, arterial pressure, and urine flow rate were also simultaneously recorded on a tape recorder (Hewlett-Packard series 3960). Stored neural activity was analyzed by a digital neural spike analyzer (Ing. Malagodi, Milano, Italy) after the threshold level had been set just above the noise level. The impulses counted by the spike analyzer were digitally transferred, via a serial line, to a computer (model M24SP, Olivetti S.p.A., Ivrea, Italy) to calculate the mean value of renal nerve activity over 10-second periods.
In all cats, two tests were used to characterize the renal afferent fibers: (1) Stepwise increases in pelvic pressure were induced by injecting small amounts of saline into the ureteral catheter used to measure urine flow rate. (2) Decreases in renal perfusion pressure were obtained by tightening a snare around the aorta above the renal arteries. Control indicates control period just before the beginning of the diuretic maneuver; recovery, recovery period after 10 to 12 minutes from the beginning of the diuretic maneuver; AP, arterial pressure; RBF, renal blood flow velocity (expressed as kilohertz of Doppler shift); UFR, urine flow rate; PP, pelvic pressure; and ARNA, afferent renal nerve activity. Values are mean±SEM (n=14 episodes in six cats).
Unadjusted P values refer to comparisons vs control.
*P<.05, adjusted for multiple comparisons. Control indicates control period just before the beginning of the diuretic maneuver; AP, arterial pressure; RBF, renal blood flow velocity (expressed as kilohertz of Doppler shift); UFR, urine flow rate; PP, pelvic pressure; and ARNA, afferent renal nerve activity. Values are mean±SEM (n=6 episodes in five cats). The recovery period is missing, as explained in the text.
*P<.05, adjusted for multiple comparisons.
After completing the surgery, 1 hour of recovery was allowed for reaching equilibrium before the animals were subjected to three different diuretic maneuvers: (1) intravenous administration of saline at a rate of 8 to 13 mL/min for 2 minutes, (2) intravenous administration of 1 ,ug/kg atrial natriuretic peptide (rat ANP 99-126, Peninsula Laboratories, Inc, Belmont, Calif) in 1 mL saline for 1 minute, and (3) intravenous administration of 1 mg/kg furosemide in 1 mL saline for 1 minute.
In preliminary experiments, the three maneuvers were shown to cause equivalent increases in urine flow rate. During the experiments, saline was infused more than once in each of the six cats. Furosemide was administered to five cats; in four of these, it was the last maneuver, and in one cat, it was infused twice as the first and the last maneuver. Atrial natriuretic peptide was infused once in five cats. The sequence of the infusions varied from cat to cat. Measurements were done for at least 1 minute before the diuretic maneuver (control) and during the 4 minutes after the beginning of the administration of saline or drugs.
Group 2 Experiments
A second group (eight cats) was used to verify whether the changes of afferent renal nerve activity following the diuretic maneuvers were altered by the presence of the ureteral catheter, which may have caused an abnormal increase of pelvic pressure when diuresis was incremented. Four cats were prepared in the usual way with a catheter inserted in the ureter; in the other four cats, the ureter was left intact, and a catheter was inserted into the bladder. In this group of cats, only saline administration was performed, result-ing in diuretic effects comparable to those observed in the first group of cats. The afferent renal nerve activity was recorded before and after the diuretic maneuver. In two cats (one with the ureteral and one with the bladder catheter), the diuretic maneuver was performed twice.
Statistics
Data are presented as mean+SEM. The time course of all changes during the diuretic maneuvers and during the stepwise increases of pelvic pressure was analyzed by analysis of variance (ANOVA) for repeated measures. Differences in pairwise comparisons between the mean values at control time and the mean values calculated at other times during the diuretic responses were tested by Dunnett's test. Unadjusted P values for the same comparisons were also calculated, using the modified t test in which the mean square within groups is taken from the ANOVA table. 13 The comparison between the changes of afferent renal nerve activity in cats with the ureteral catheter versus cats with the bladder catheter was analyzed by the unpaired t test.
Since the data of afferent renal nerve activity calculated on the shorter time base of 10 seconds were found not to be normally distributed, data in Table 4 are expressed as median and range, and nonparametric ANOVA was preferred for comparing (1) the response of each variable to the three diuretic maneuvers, and (2) the response of pelvic pressure and afferent renal nerve activity to each of the three maneuvers and to the step increases in pelvic pressure. The correlations between the changes in urine flow rate, pelvic pressure, and Control indicates control period just before the beginning of the diuretic maneuver; recovery, recovery period after 10 to 12 minutes from the beginning of the diuretic maneuver; AP, arterial pressure; RBF, renal blood flow velocity (expressed as kilohertz of Doppler shift); UFR, urine flow rate; PP, pelvic pressure; and ARNA, afferent renal nerve activity. Values are mean-SEM (n=5 episodes in five cats).
Unadjusted P values refer to comparisons vs control. *P<.05, adjusted for multiple comparisons.
afferent renal nerve activity were investigated using the Kendall rank correlation coefficient r.14 
Results

Time-Course Analysis of the Response
The time-course analysis of the response for the six cats in the first group was performed by averaging the original readings over periods of 1 minute. Only the first minute after the onset of the diuretic maneuver was split into two 30-second periods to detect the beginning of the diuretic response. The control period represents the minute preceding the diuretic maneuver. The recovery period was recorded approximately 10 to 12 minutes after the beginning of the diuretic maneuver and, in some cases, corresponded to the control period of the following diuretic stimulus. No recovery periods were available after the furosemide administration, since it was the last maneuver tested in all cats except one, and the increase in urine flow rate was long lasting. Table 1 shows the time course of changes in all variables in response to the saline infusion. This diuretic maneuver produced a slight increase of arterial pressure. Renal blood flow was slightly but significantly increased, reaching a significant difference from the control at the third minute. Pelvic pressure paralleled the time course of urine flow rate. Afferent renal nerve activity was unchanged for the first 2 minutes and then progressively increased reaching statistical significance at the fourth minute. Table 3 summarizes the time course of the changes in the measured variables when atrial natriuretic peptide was administered. In these animals, a slight, not significant decrease of arterial pressure occurred. A small increase of renal blood flow was observed during the whole period. Urine flow rate and pelvic pressure significantly increased after atrial natriuretic peptide administration. Afferent renal nerve activity increased after the onset of the diuretic response, although this increase was not statistically significant. During the recovery, all variables were not different from the control values. increased during the saline infusion and then declined to control values during the recovery period. Urine flow rate and pelvic pressure significantly increased 30 seconds after the onset of the saline infusion, and these increments persisted during the whole recording period, reaching maximum values during the second minute of the stimulus. Afferent renal nerve activity significantly increased after 1 minute from the beginning of the diuretic maneuver and persisted at an elevated level throughout the whole recording period. The greatest increase was observed during the third minute of the stimulus. During the recovery period, the values of all variables were not significantly different from the control values. Table 2 summarizes the results obtained after furosemide administration. During this maneuver, arterial pressure and renal blood flow were not modified. After a delay of 30 seconds, urine flow rate progressively
Correlations Between Recorded Variables
The changes in each variable induced by the three stimuli were compared, and the results are shown in Table 4 . For each variable, the slope of the increments over the time was calculated in any single assay from the beginning of the diuretic maneuver to the diuretic peak using values measured over 10-second periods. The median value for all responses to a given stimulus is displayed. The comparisons between the responses to the three diuretic maneuvers showed significant differences as far as arterial pressure and renal blood flow patterns were concerned, whereas no significant differences were observed regarding the changes in urine flow rate, pelvic pressure, and afferent renal nerve activity. Therefore, correlation analyses between changes per time unit were performed only for urine flow rate, pelvic pressure, and afferent renal nerve activity. As shown in Fig 2, afferent renal nerve activity was found to correlate consistently with changes in both pelvic pressure and urine flow rate, in addition to the strong correlation observed between changes in urine flow rate and pelvic pressure. Pressure  Fig 3 illustrates the responses of afferent renal nerve activity to the stepwise increases in pelvic pressure induced by retrograde injection of saline into a ureteral catheter. An increase of afferent renal nerve activity proportional to the increase in pelvic pressure was observed. Changes in afferent renal nerve activity obtained during the diuretic maneuvers were also compared with those obtained by retrograde injection of saline into the pelvis. Regression lines were calculated as afferent renal nerve activity changes plotted against pelvic pressure changes in any single assay of the diuretic maneuvers and against pelvic pressure changes mechanically induced. The afferent renal nerve activity changes plotted against pelvic pressure changes were compared by the Kruskal-Wallis test. No significant differences were detected in the relations between changes in afferent renal nerve activity and changes in pelvic pressure induced by either diuretic and mechanical maneuvers, respectively. It should also be mentioned that all the fibers responding with an increased firing to diuretic maneuvers and to mechanical increases in pelvic pressure also responded with a reduction in frequency discharge to renal artery occlusion, as expected for renal mechanoreceptors. Fig 4 shows an example of renal artery occlusion performed in one cat. The pelvic pressure decreased during the occlusion, and a concomitant reduction of afferent renal nerve activity was observed. After releasing the snare, both pelvic pressure and afferent renal nerve activity returned to control values simultaneously. Fig 5 summarizes the results obtained for the eight cats in the second group, in which afferent renal nerve activity changes were compared in the presence or in the absence of the ureteral catheter. Values of afferent renal nerve activity before the saline infusion (control) and the peak values of afferent renal nerve activity after the maneuver (stimulus) are shown for the four cats in which the ureters were cannulated (A) and for the four cats in which cannulation was limited to the bladder and ureteral flow was unimpeded (B). In the animals in which no catheter was introduced in the ureter, the saline administration caused an increase in afferent renal nerve activity indistinguishable in magnitude and timing from the increase observed in animals with the ureteral catheter. Discussion The most important conclusion of our experiments is that renal receptors not only respond to direct artificial manipulations of the kidney but can also signal functional adaptations of the kidney, in particular, changes in a primary renal function such as water excretion. Indeed, our experiments provide the first evidence that diuretic changes alter the neural signals sent by the kidney to the central nervous system. Aspects of our observations deserving careful discussion are the nature of the receptors involved, the magnitude of the stimulus required, and the possible physiological role of the diuresis-induced response.
Response ofAfferent Renal Fibers to Stepwise Increases in Pelvic Pressure and to Reductions in Renal Perfusion
The renal afferent fibers we investigated were spontaneously firing with asynchronous activity in the baseline conditions of our experiments. The increases in afferent neural discharge following all diuretic stimuli were associated with increases in urinary water excretion that, in turn, were correlated with changes in pelvic pressure. On the other hand, changes in afferent renal nerve activity were not associated with changes in renal perfusion pressure and blood flow, since afferent renal nerve activity increased during the diuretic maneuvers even in the absence of changes in renal perfusion pressure and blood flow. Since there is a consistent correlation between changes in pelvic pressure and changes in afferent renal nerve activity, it is likely that afferent renal nerve activity is mainly controlled by pelvic pressure. This suggestion is supported by the finding that the same fibers were also activated by increasing pelvic pressure mechanically by the retrograde intraureteral injection of saline. It appears from our results that similar increases in pelvic pressure induce comparable increases in fiber discharge independent of the mechanism of raising pelvic pressure. These observations, however, cannot exclude the possibility that, during the diuretic maneuvers, the amplitude of the neural response may be increased or reduced by other factors in addition to those affecting pelvic pressure values. The renal receptors involved in signaling diuretic changes should thus be classified as renal mechanoreceptors, although it is impossible to conclude whether they are located in the pelvis, signaling changes in pelvic pressure, or within the kidney, signaling changes in interstitial pressure likely to change in parallel with pelvic pressure.15 As expected for most renal mechanoreceptors, the afferent fibers we have investigated responded to renal artery occlusion with a decrease in firing.8.9 This maneuver, however, also causes a decrease in interstitial and pelvic pressures. The small changes in renal perfusion pressure accompanying the increments in urine flow rate did not appear to interfere with the activation of afferent renal fibers. It can therefore be concluded that the renal mechanoreceptors we have studied are sensitive to changes in urinary water excretion rather than to changes in renal perfusion pressure.
Obviously, receptors may play a physiological role if the activating stimulus is a change in a physiological parameter and its magnitude is within the physiological range of variation. A change in urine flow rate is certainly a change in a normal and fundamental function of the kidney. Even though our experiments were not designed to establish a precise threshold of receptor activation, it is evident from Tables 1 through 3 that afferent renal nerve activity can be influenced by relatively small increases in urinary water excretion; eg, significant increases in afferent renal nerve activity occurred when urine flow rate was increased by only 60% (by saline infusion). Furthermore, the experiments in which the activation of renal receptors was induced in animals without the ureteral catheter rule out the possibility that restricted ureteral flow may have caused a disproportionate increase in pelvic and interstitial pressures with respect to a moderate increase in urine flow rate.
Regarding the physiological role exerted by the activation of renal mechanoreceptors by diuretic changes, little can be concluded because we limited ourselves in this first study to the electrophysiological investigation of the afferent branch of a possible reflex. However, information derived from other experiments can be combined to formulate working hypotheses. It is known that in cats the electrical stimulation of renal afferent fibers causes a widespread reflex activation of the sympathetic nervous system with no evidence of renal involvement. [16] [17] [18] Clearly, the electrical stimulation of afferent renal fibers is quite an unselective procedure compared with the physiological stimuli used in our present experiments, and it is unlikely that it may closely reproduce the reflex effect of fibers activated by diuresis. Nonetheless, it may be speculated that an increase in afferent renal nerve activity caused by increased diuresis might participate in promptly eliminating an acute load of fluid by elevating systemic arterial pressure and, consequently, renal perfusion pressure. This effect may be facilitated by the absence of a simultaneous increase in efferent sympathetic activity at the renal level, which would otherwise blunt the diuretic effect.
On the other hand, renorenal reflexes, by which afferent renal nerve activity from one kidney exerts a tonic inhibitory influence on the efferent sympathetic activity to the contralateral kidney, have also been described.10'9-23 If the receptors activated by diuresis were among those involved in the tonic inhibitory renorenal reflex regulating the reabsorption of water and sodium, they might provide a mechanism by which urine flow rate of one kidney is matched to that of the other.
In summary, our results show that afferent renal nerve activity increases when diuresis is activated within a moderate physiological range and that this increase is due to the activation of renal mechanoreceptors. Pelvic pressure and/or interstitial pressure appear to be the major determinants of the neural response. These receptors operate as a sensor of the diuretic state of the kidney and might contribute to the control of volume balance.
